Terahertz frequency spectrum analysis with a nanoscale antiferromagnetic
  tunnel junction by Artemchuk, P. Yu. et al.
ar
X
iv
:1
91
2.
00
17
5v
1 
 [p
hy
sic
s.a
pp
-p
h]
  3
0 N
ov
 20
19
Terahertz frequency spectrum analysis with a nanoscale antiferromagnetic
tunnel junction
P. Yu. Artemchuk,1, a) O. R. Sulymenko,1 S. Louis,2 J. Li,2 R. Khymyn,3, 4 E. Bankowski,5 T. Meitzler,5
V. S. Tyberkevych,6 A. N. Slavin,6 and O. V. Prokopenko1, b)
1)Faculty of Radio Physics, Electronics and Computer Systems, Taras Shevchenko National University of Kyiv,
01601 Kyiv, Ukraine
2)Electrical and Computer Engineering, Oakland University, Rochester, Michigan 48309,
USA
3)Department of Physics, University of Gothenburg, 41296 Gothenburg, Sweden
4)NanOsc AB, 16440 Kista, Sweden
5)U.S. Army TARDEC, Warren, Michigan 48397, USA
6)Department of Physics, Oakland University, Rochester, Michigan 48309, USA
A method to perform spectrum analysis on low power signals between 0.1 and 10 THz is proposed. It
utilizes a nanoscale antiferromagnetic tunnel junction (ATJ) that produces an oscillating tunneling anisotropic
magnetoresistance, whose frequency is dependent on the magnitude of an evanescent spin current. It is first
shown that the ATJ oscillation frequency can be tuned linearly with time. Then, it is shown that the ATJ
output is highly dependent on matching conditions that are highly dependent on the dimensions of the
dielectric tunneling barrier. Spectrum analysis can be performed by using an appropriately designed ATJ,
whose frequency is driven to increase linearly with time, a low pass filter, and a matched filter. This method
of THz spectrum analysis, if realized in experiment, will allow miniaturized electronics to rapidly analyze low
power signals with a simple algorithm. It is also found by simulation and analytical theory that for an ATJ
with a 0.09 µm2 footprint, spectrum analysis can be performed over a 0.25 THz bandwidth in just 25 ns on
signals that are at the Johnson-Nyquist thermal noise floor.
I. INTRODUCTION
Currently, there are no existing compact technologies
that are capable of rapidly performing spectrum analy-
sis on a signal with a frequency in the bandwidth be-
tween 0.1 and 10 THz. This bandwidth has been dubbed
the “THz gap” because traditional silicon electronics and
traditional photonics hardware do not function effectively
and thus are not capable of generating, detecting, or oth-
erwise processing these signals1–4. In contrast, antiferro-
magnetic (AFM) materials show intrinsic resonant char-
acteristics within the THz gap, and have been identified
as building blocks for a new class of devices that will func-
tion at THz frequencies, as shown in many recent exper-
imental and theoretical works5–22. Thus far, there have
been proposals for miniaturized THz frequency (TF)
detectors16,17, sources18–20, and spiking neurons for neu-
romorphic applications21,22. In this paper, we describe
how AFM materials can be used to produce a compact,
simple spectrum analyzer that is functional in the THz
gap.
We will show that spectrum analysis can be per-
formed with a recently described20 antiferromagnetic
tunnel junction (ATJ) in combination with a recently
proposed spectrum analysis algorithm24. With this algo-
rithm, the ATJ is used to generate TF signals whose fre-
quency is dynamically tuned through the scanning band-
width under the action of a ramped dc bias current. The
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TF signal to be analyzed is then mixed with the dy-
namically tuned ATJ signal, and then processed with a
low pass filter and a matched filter. The output of the
matched filter will contain the spectrum of the input TF
signal encoded in time, and will have a high signal to
noise ratio (SNR) that is independent of the phase dif-
ference between the input signal and the ATJ signal. The
algorithm is functional when the input TF signal has a
low power, given that it is above the Johnson-Nyquist
noise floor.
To demonstrate the viability of performing spectrum
analysis with an ATJ, two critical areas must be inves-
tigated. First, we must investigate of the dynamic tun-
ing of an ATJ, and ensure that it can be tuned linearly
to allow application of the spectrum analysis algorithm.
Second, we must develop a circuit model to describe the
electrical behavior of an ATJ when interfacing with an
external signal at THz frequencies. Once these two tasks
have been performed, the performance of the ATJ can be
optimized and THz spectrum analysis can be performed.
Before we investigate these two areas, however, this study
will review the basic operation of the ATJ and the spec-
trum analysis algorithm.
II. ATJ BASICS
The physical structure of an ATJ is shown in Fig.
1(a)20. It consists of a four-layer structure with a lower
platinum (Pt) layer, a conducting AFM layer, a magne-
sium oxide (MgO) layer that serves as a tunneling bar-
rier, and an upper platinum layer. Oscillations arise in
the following manner. First, the driving dc current Idrive
2flows through the bottom Pt layer, generating a trans-
verse spin current ISH due to the spin Hall effect
13. This
spin current penetrates the AFM/Pt interface and excites
TF rotation of the AFM sublattices and the AFM Neel
vector18. The frequency of the TF oscillations is directly
dependent on the magnitude of Idrive. This means that
the operating frequency of the ATJ can be dynamically
tuned by simply changing the dc bias Idrive.
The oscillations can be extracted from the AFM layer
by tunneling anisotropic magnetoresistance (TAMR)14.
TAMR will be present when the inverse spin current in
the AFM layer tunnels through the dielectric MgO layer
barrier to the upper Pt layer20. Experimentally, TAMR
electrical switching in an ATJ was observed to be depen-
dent on the orientation of the AFM Neel vector14,15,25.
Thus, when the AFM Neel vector rotates with a TF, the
TAMR also oscillates with the same TF. In this paper,
we will treat the TAMR as a macroscopic oscillating re-
sistance, which we call R(t).
III. SPECTRUM ANALYSIS ALGORITHM
Spectrum analysis is performed with an algorithm that
is similar to a previous study24. In that study, it was
demonstrated that a magnetic tunnel junction can, in
theory, perform spectrum analysis between 26 and 36
GHz in 10 ns, with a frequency resolution near the the-
oretical limit. It is important to note that the algorithm
presented in that study is not specific to any particular
technology, and any auto-oscillator that can be linearly
tuned through a scanning bandwidth can be used. In
this regard, because ATJs are in principle easily tunable
through the TF range, they are a good candidate for TF
spectrum analysis.
In this algorithm, R(t) oscillates with a THz frequency
fR(t) that varies with time. Specifically, when the bias
dc current Idrive → Idrive(t) increases linearly with time,
fR(t) also increases linearly as:
fR(t) = f0 + ρt . (1)
In this equation, f0 is an initial frequency, and ρ is the
rate of frequency change of the ATJ, which can be mea-
sured in units of GHz/ns or THz/ps. Practically, ρ is
the scan rate at which spectrum analysis is performed
through a particular bandwidth ∆f . When the TAMR
effect is considered to be an oscillating resistance R(t), it
is modeled as:
R(t) = R0 +∆R cos
(
2pif0t+ piρt
2
)
, (2a)
where R0 is the equilibrium resistance of the ATJ, and
∆R is the magnitude of the variation of the junction ac
resistance.
Spectrum analysis will be performed on an external TF
current, given by
IR(t) = IR cos (2pifst+ φ) , (2b)
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FIG. 1. (a) Pt/AFM/MgO/Pt antiferromagnetic tunnel
junction (ATJ). The driving dc current Idrive(t) flowing in
the bottom Pt layer of an ATJ generates the transverse spin
current ISH flowing into the AFM layer, which excites the TF
rotation of magnetization of the AFM sublattices, and, con-
sequently, the TF variations of the junction resistance R(t).
When a TF signal with power Ps and frequency fs is supplied
to the junction, its action results in the generation of voltage
Uatj across the whole structure; (b) A simplified equivalent
electric scheme of the ATJ-based detector connected through
an ideal bias tee to a source of an external TF signal.
where IR is the magnitude of the current flowing through
the oscillating resistance of the ATJ, fs is a constant
frequency that is within ∆f , and φ is the initial phase of
the external current.
When IR(t) flows through the ATJ, it will be multi-
plied by R(t) to produce a voltage Uatj. This voltage will
have three terms. The first term, R0IR(t), will have a
THz frequency. The second and third terms will have
frequencies (fR(t) + fs) and (fR(t)− fs), resulting from
product of the cosines in (2a) and (2b). The (fR(t)+ fs)
term will have a THz frequency, while the (fR(t) − fs)
term will at times have a low frequency. When a low pass
filter with an appropriately chosen cutoff frequency fc is
applied to Uatj, only the (fR(t) − fs) term will remain.
3The output voltage of the filter is given by
Ulpf =
1
2g(t)IR∆R cos(θ(fs, t)− φ) , (2c)
where θ(fs, t) = 2pi(f0− fs)t+piρt2. The function g(t) is
a dimensionless function that represents a low pass filter
that behaves as follows. If θ(fs, t) < 2pifct, then Ulpf will
be in the pass band of the filter and thus g(t) = 1. If
θ(fs, t) ≫ 2pifct, then Ulpf will be in the stop band and
g(t) will be very small, g(t)≪ 1. When θ(fs, t) ' 2pifct,
the filter is in the transition region and g(t) will depend
on the order and type of the low pass filter.
It is important emphasize that the signal Ulpf , which
has passed through a low pass filter, contains only fre-
quencies that are below fc. For example, there will
be times when the frequency of the external signal fs
is identical to that of the ATJ. At these times, when
fs = f0 +
1
2ρt, for a brief moment in time Ulpf will be
a simple dc signal, when θ(fs, t) = 0. Thus, despite the
fact the both the external signal to be analyzed and the
ATJ both have frequencies in the THz gap, when they
are mixed Ulpf will have a frequency near dc. Thus, it
is possible to use any traditional spectrum analysis algo-
rithm, for example, envelope detection of matched filter-
ing, which is detailed as follows.
The next step in the spectrum analysis algorithm is
to apply a matched filter to Ulpf . The previous study
24
shows that the output spectrum can be obtained by
Uspec = h(fm, t) ∗ Ulpf , (2d)
where Uspec is the analyzed spectrum, ∗ is the sym-
bol for convolution, and the matched filter is given by
h(fm, t) = exp [iθ(fm, t)], where fm is an arbitrary fre-
quency in the interval of spectrum analysis ∆f . The
matched filter serves several purposes, including improv-
ing the SNR and removing the dependance on the phase
difference φ between R(t) and IR(t). When Ulpf has been
filtered by a matched filter, it contains the frequency
spectrum of IR(t) encoded in time.
There are several important characteristics to note
concerning this algorithm. Firstly, the magnitude of
Uspec does not depend on the magnitude of Ulpf ; for ef-
fective spectrum analysis, all that is required is that the
external signal be within 3 dB of the Johnson-Nyquist
thermal noise floor. For this reason, much of the fol-
lowing analysis in this manuscript will focus on Ulpf .
Secondly, this algorithm can faithfully analyze the spec-
trum for complicated signals, for example, when IR(t)
has multiple frequencies with multiple amplitudes, spec-
trum analysis can be performed for all frequencies within
∆f . However, for simplicity, in most of this manuscript,
IR(t) will be assumed to have only a single frequency; it
will be a monochromatic signal. Lastly, although we are
detecting signals in the THz frequency region, Ulpf will
have a frequency low enough to allow the use of standard
analog to digital converters, which can simplify signal
processing by allowing h(fm, t) to be applied in the dig-
ital domain.
It is important to mention the frequency resolution
that can be attained using this algorithm. The measure
of the minimum separation required for a spectrum ana-
lyzer to distinguish two neighboring signals is commonly
called resolution bandwidth (RBW). The RBW theoreti-
cal limit for swept tuned spectrum analyzers can be given
by the equation23:
RBW ≈ ρ
fc
. (3)
Numerical simulations performed in24 showed that this
algorithm performs according to (3).
The cornerstone of this algorithm is that for this par-
ticular matched filter to function, the ATJ must operate
with a frequency that increases linearly according to (1).
The next section will discuss the ability of the ATJ to
tune linearly through a finite frequency range.
IV. ATJ DYNAMICS
An ATJ can be used for this spectrum analysis algo-
rithm because its oscillation frequency can be dynami-
cally tuned in a simple manner; all that is required is a
change in the magnitude of the bias current Idrive. In
this section it will be demonstrated that the frequency of
an ATJ can be dynamically tuned so that the frequency
increases linearly with time. A simple way to demon-
strate that the ATJ is capable of being tuned according
to (1) with a constant scan rate ρ is to perform numerical
simulations of the magnetization dynamics of the ATJ.
The dynamics of the AFM layer can be modeled with
a pair of coupled Landau-Lifshitz-Gilbert-Slonczewski
equations18
dm1
dt
= γB1×m1+αeff
[
m1× dm1
dt
]
+jσ[m1×[m1×p]] ,
(4a)
dm2
dt
= γB2×m2+αeff
[
m2× dm2
dt
]
+jσ[m2×[m2×p]] .
(4b)
Where m1 and m2 are the normalized unit-length mag-
netization for the two sublattices in the AFM material
in the macrospin approximation. In these equations, B1
and B2 are the effective magnetic fields acting on the
sublattices m1 and m2:
B1 = − 12Bexm2−Bhnh(nh ·m1)+Bene(ne ·m1) , (5a)
B2 = − 12Bexm1−Bhnh(nh ·m2)+Bene(ne ·m2) . (5b)
As this study is focused on qualitative behavior of
AFM materials, we have adapted the simulation param-
eters used in18 for an easy plane conducting AFM ma-
terial. When performing simulations according to equa-
4tions (4) and (5), we chose physical parameters as follows.
The gyromagnetic ratio is γ = 2pi28 GHz/T, αeff =0.01
is the effective Gilbert damping parameter, and j is the
electric current density in units of A/cm2. The unit vec-
tor along the spin current polarization p is directed as
shown in in Fig. 1(a) The spin torque coefficient is given
by σ = γe θshλρ0gr
MsdAFM
tanh dPt2λ , where e = 1.602× 10−19 C is
the fundamental electric charge. For the lower Pt layer,
θsh = 0.1 is the spin Hall angle, λ = 7.3 nm is the spin dif-
fusion length in Pt, and ρ0 = 4.8×10−7 Ω·m is the electri-
cal resistivity26. The thickness of the Pt layer is assumed
to be dPt = 20 nm. The parameter gr = 7.0 × 1018m−2
is used for the spin-mixing conductance at the Pt-AFM
interface27, Ms = 350 kA/m is the magnetic saturation
of one AFM sublattice, dAFM = 1 nm is the thickness of
the AFM layer. The exchange frequency is chosen to be
ωex = γHex = 2pi·60 THz, Hh is the hard-axis anisotropy
field with ωh = γHh = 2pi · 30 GHz, and He is the easy
axis anisotropy field with ωe = γHe = 2pi · 0.1 GHz.
Results of the simulation for several linearly increasing
bias currents are shown in Fig. 2. In this figure, the black
dotted line shows the static relationship between Idrive
and fR. The red line shows the frequency output when
the ATJ is tuned with a scan rate of ρ1 = 0.02 THz/ps.
It is evident that at this scan rate the ATJ tunes in a
quasi-static manner, and that theoretically, an ATJ can
be tuned linearly with time. This is also true for slower
scan rates. At a faster scan rate of ρ2 = 0.5 THz/ps,
shown by a green line, there is a slight offset from quasi-
static, and a slight ripple. This ripple is arises due to the
inertial dynamics of the AFM sublattices, and is related
to the transient forced oscillations of the system. The
presence of these ripples points to a physical limit for a
maximum ρ where the ATJ ramps linearly with time. At
even faster scan rates, ρ3 = 1.5 THz/ps (blue) and ρ4 =
3.0 THz/ps (magenta), the offset from linear dependence
increases, as does the amplitude of the ripple. In this
study, we will perform spectrum analysis at a scan rate
of ρ = 10 GHz/ns, in the quasi-static regime, where fR(t)
increases according to (1).
We have thus shown via numerical simulation that an
ATJ is capable of being tuned in a dynamic manner at
a rate that allows the frequency to increase linearly with
time. This means that an ATJ can be used with the
matching filter in (2d), allowing spectrum analysis to be
performed.
V. ELECTRICAL MODEL OF THE ATJ
The previous sections described the spectrum analy-
sis algorithm and the dynamics of the ATJ. This sec-
tion will describe the impact that parasitic capacitance
C and parasitic inductance L will have on Ulpf . L and
C must be considered in this system because at THz fre-
quencies, matching losses cannot be eliminated by reduc-
ing the fabricated circuit size. This section will present
the equivalent circuit to the ATJ, characterize matching
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FIG. 2. ATJ dynamic response to ramped current. For each
ρ, the ATJ runs for 50 ps at 0.5 THz to reach normal oper-
ation. Then, the current is ramped to cause linear frequency
increase at the following rates: ρ1 = 0.02 THz/ps, ρ2 = 0.5
THz/ps, ρ3 = 1.5 THz/ps, and ρ4 = 3.0 THz/ps.
losses, as well as describe the electrical parameters of the
ATJ.
In this section, it is prudent to treat the ATJ as a
detector of single frequencies; specifically, by setting ρ =
0, f0 = fs, and φ = 0. When operating with these
parameters, the ATJ will oscillate with exactly the same
frequency and phase as IR. With this condition, Ulpf
from (2c) reduces to a dc voltage, which is stated here
for clarity:
Udc =
1
2IR∆R . (6)
A. Circuit and basic equations
Through circuit analysis, the matching loss for the
external signal when interfacing with the ATJ can be
analyzed20. The ATJ shown in Fig. 1(a) can be mod-
eled with the equivalent electric circuit shown in Fig.
1(b). This electric scheme consists of the three parts: (i)
the equivalent circuit of an ATJ, which is bounded by
a dashed green line and characterized by the frequency-
dependent impedance Z ≡ Z(fs); (ii) the external circuit
that has an impedance Zs; and (iii) a bias tee, which is
bounded by a dashed blue line and provides coupling be-
tween the ATJ and an external circuit.
It should be stressed that this circuit model does not
include low-frequency support elements, such as a source
for drive current Idrive and matching circuits. Also, for
simplicity in this subsection the bias tee is considered to
be an ideal coupling element, which perfectly separates
low frequency and THz signals in the circuit and does
not influence the device performance.
The electric scheme of the ATJ includes one circuit
branch with the oscillating resistance R(t) character-
ized by the equilibrium resistance R0 and the inductance
5L of an ATJ having the impedance ZL = iωsL (here
ωs = 2pifs is the angular frequency of the input sig-
nal, and i =
√−1). This is connected in parallel to
the other branch with the junction capacitance C de-
scribed by the impedance ZC = 1/iωsC. The frequency-
dependent complex impedance of the ATJ, which is Z =
(R0+ZL)ZC/(R0+ZL+ZC), can be written in the form:
Z = R+ iX , (7a)
R = Re{Z} = R0
q
, (7b)
X = Im{Z} = ωsL(1− ξ)−R0β
q
. (7c)
Here we introduce two dimensionless parameters: ξ =
ω2sLC, which describes resonance properties of the ATJ,
and β = ωsR0C, which characterizes inertial properties
of the ATJ, and the ansatz q = (1− ξ)2 + β2.
The input ac current I(t) can be defined as I(t) =
I cos(ωst), where I is the current magnitude. Then the
complex amplitudes IˆR, IˆC of ac currents IR(t), IC(t), re-
spectively, in the circuit shown in Fig. 1(b) are governed
by Kirchhoff’s laws:
IˆR + IˆC = I , (8a)
IˆR(R0 + iωsL) = IˆC
1
iωsC
. (8b)
The solution of this system of equations can be written
in the form:
IˆR = I
1
1− ξ + iβ , (9a)
IˆC = I
−ξ + iβ
1− ξ + iβ . (9b)
Thus from the real part of (9a) the output voltage Udc,
given by Eq. (6), can be rewritten as
Udc =
1
2
[
1− ξ
q
I
]
∆R . (10)
The magnitude of input ac current I can be deter-
mined from the equation Ps(1 − |Γ|2) = 0.5I2R, which
describes the transfer of average input signal power Ps
from an external TF electrodynamic system to an ATJ,
where Γ = (Z−Zs)/(Z+Zs) is the complex reflection co-
efficient. The real part of the impedance Zs of an external
circuit, Rs = Re{Zs}, usually can be considered as a con-
stant value within a rather narrow frequency range, while
the imaginary part of the impedance, Xs = Im{Zs},
changes with the frequency fs, but can be controlled us-
ing impedance matching techniques29. In the following
for simplicity we assume that Rs is constant and Xs =
0.
In this case an expression for the output dc voltage Udc
can be written in the form:
Udc =
1− ξ
q
√
2Ps
R
√
RRs
(R+Rs)2 +X2
∆R . (11)
Udc strongly depends on the matching coefficient
(RRs)/[(R + Rs)
2 + X2] under the square root in (11).
Hence, the ATJ can have good performance only if the
active junction impedance R and the active impedance
Rs of an external circuit are almost equal (R ≈ Rs).
Usually, the active impedance Rs is considered to be a
fixed parameter, defined by the properties of the external
TF electrodynamic system. In the case of ideal match-
ing, when R = Rs, the matching coefficient (RRs)/[(R+
Rs)
2 + X2] is equal to R2s/[4R
2
s + X
2], which gives an
output dc voltage for a perfectly matched detector:
Udc =
1− ξ
q
√
2Ps
R
√
R2s
4R2s +X
2
∆R, (12)
or with Eq. (7),
Umax =
1− ξ√
q
√
2Ps
R0
√
1
4 + ζ2
∆R , (13)
where ζ = X/Rs.
To reach the optimal condition R ≈ Rs, one can vary
the cross-sectional area S of the junction and the thick-
ness d of the MgO tunneling barrier, as will be presented
in the discussion.
B. Electrical parameters of the ATJ
Our electrical model of the ATJ can be characterized
by three intrinsic parameters: the junction equilibrium
resistance R0, the inductance L and the capacitance C.
Using the approach introduced in20, we assume that
the equilibrium resistance R0 depends on the thickness
of the MgO barrier d, the junction cross-sectional area
S, the ATJ effective resistance-area product RA(0) (in-
troduced for a “zero-thickness” MgO barrier), and the
intrinsic MgO tunneling barrier parameter κ31,32. This
can be written in the form:
R0 ≡ R0(S, d) = RA(0) exp (κd)
S
. (14)
Note that the chosen dependence of the resistance-area
product of an ATJ on the thickness d of the tunnel-
ing barrier, RA(d) = RA(0) exp (κd), have the same
form as that for a conventional ferromagnetic tunnel
junction31,32.
The ac resistance variations ∆R of an ATJ can be eval-
uated using the TAMR ratio η as
∆R =
η
2 + η
R0 . (15)
6The TAMR ratio η can be calculated for given ∆R as
η = 2∆R/(R0 −∆R).
The capacitance of an ATJ can be estimatd as the
capacitance of a square parallel-plate capacitor with a
plate size a =
√
S and the distance d between the plates:
C = εε0S/d (ε is the MgO relative permittivity
30, and ε0
is the vacuum permittivity). The inductance of an ATJ
can be evaluated as L = µ0d, where µ0 is the vacuum
permeability.
Values for these parameters can be estimated using ex-
perimental parameters as presented in Ref14: equilibrium
resistance R0 = 55.0 kΩ, TAMR ratio η = 1.3. The value
of the intrinsic MgO barrier parameter can be estimated
as κ ≈ 5.8 nm−1 if we assume that the dependence of
the junction resistance R0 on the tunneling barrier thick-
ness d for an ATJ is similar to that for a ferromagnetic
junction31,32. Using these values, the effective resistance-
area product is RA(0) ≈ 0.14 Ω ·µm2 and the magnitude
of the ac resistance is ∆R ≈ 21.7 kΩ. Finally, ε = 9.8 is
a reasonable estimate for the relative permittivity of the
MgO barrier30.
For the ATJ presented in Ref14, the junction cross-
sectional area was S = 5 µm2, and the thickness of the
MgO barrier was d = 2.5 nm. Using these values, we can
estimate a junction capacitance of C = εε0S/d = 170 fF
and an internal inductance of L = µ0d = 3.1 fH for the
ATJ in that experiment. Note that for these parameters,
fresonance = 1/(2pi
√
LC) ≈ 7 THz. As this frequency
is near our frequency of interest, it must be taken into
account. As will be explained in the discussion, S and d
will be varied to adjust R, C, and L and thus optimize
ATJ performance.
Finally the value of the output voltage Umax cannot
exceed the breakdown voltage Ub ≃ Ebd, where Eb is the
breakdown electric field for the tunneling barrier. Eb =
0.4− 0.6 V/nm for a MgO thin film30.
VI. RESULTS AND DISCUSSION
This section begins with a discussion about optimizing
the ATJ for operation in the static regime, then briefly
discuss the ATJ as a detector of single frequencies. Then,
numerical simulation of spectrum analysis in the THz gap
with an ATJ will be presented.
A. Results and discussion for static regime
Here, we will discuss the optimization of the ATJ de-
sign to allow Udc to be greater than 1 mV. This will be
achieved by optimizing parameters d and S to maximize
the transfer of input signal power to the ATJ.
We begin by discussing an ATJ with parameters as
in the previous experimental work14. Specifically, if the
active impedance Rs of the external circuit has a value of
Rs = 50 Ω, which is typical for microwave and terahertz
electronics, and the input signal power is Ps = 1 µW,
the maximum TF output will be Udc ∼ 10−4 mV at fs ∼
0.1 THz. This small voltage is primarily due to the large
values of the junction resistance R0 and capacitance C,
which causes poor impedance matching and reduction of
ac power transferred to the junction. We will show that
by optimizing the dimensions of the dielectric layer in the
ATJ, the output voltage can be substantially increased.
This ATJ can be optimized for optimal performance
by choosing appropriate geometrical junction parame-
ters and thus the ATJ equilibrium resistance R0 ∼
exp(κd)/S, junction inductance L ∼ d, and the junc-
tion capacitance C ∼ S/d. In Fig. 3, we examine the
relationship between Udc, S, and d in order to optimize
ATJ performance.
Fig. 3(a) shows that in general, Udc increases mono-
tonically with the decrease of d, the MgO layer thick-
ness. Udc can have a maximum value at low frequen-
cies of d. For example, when fs = 0.1 THz, there is a
maximum at d ≈ 0.8 nm. This occurs when the active
junction impedance R becomes comparable to the exter-
nal active impedance Rs. For values of d . 1 nm, Udc
plateaus or decreases instead of increasing monotonically.
This plateau or decrease is due to the increase of the
impedance mismatch and junction capacitance. Taking
this into account, in the following simulations we consider
an ATJ having a MgO barrier thickness of dopt = 1.0 nm,
which is a common value for existing tunnel junctions and
can be readily fabricated30–32.
An additional improvement of the TF signal detec-
tor performance can be achieved by varying the junc-
tion cross sectional area S. This will be considered in
Fig. 3(b). For simplicity, we assume a square-shape junc-
tion with a single effective lateral junction size a =
√
S.
As one can see that for different frequencies, the value of
Udc is constant for lower values of lateral junction size a.
At these low a values, the performance of the signal de-
tector is hindered mainly due to the resistance mismatch
effect. For higher values of a, the value of Udc decreases.
For high a values, the device efficiency is mainly reduced
due to the influence of the large junction capacitance. At
junction sizes where R−Rs ≈ X , as shown by the green
dotted line in the figure, the influence of junction capaci-
tance and resistance mismatch have similar levels of influ-
ence. While there is no optimal value for a, it is evident
that lower values, below a certain point, lead to improved
behavior. Also, one should consider, that the smaller the
size, the harder to fabricate the junction. Therefore, we
have chosen a junction size of aopt = 300 nm.
Fig. 4 shows the output dc voltage Udc calculated
numerically from (11) with new spacial dimensions of
dopt = 1.0 nm and aopt = 300 nm. This graph demon-
strates that with optimized physical dimensions, the ATJ
is capable of producing a strong dc voltage output with
a reasonably sized input signal. This figure also demon-
strates that Udc in the frequency range 0.1 − 1.0 THz
from an optimized AFM-based detector connected to a
standard impedance load, is comparable to, or may even
exceed, the dc voltage extracted via an inverse spin Hall
7FIG. 3. Dependence of the output dc voltage Udc at input
power of 1 µW on (a) MgO barrier thickness d and (b) lateral
size of the ATJ square-cross-section a =
√
S. Calculations
were performed using (11) and (7), (14), (15) for an ATJ
with parameters similar to those observed in experiment (see
Section VB for details) operating at the frequencies fs =
0.1 THz (black solid line), fs = 0.5 THz (red line), and fs =
1.0 THz (blue line). In (b), the optimal thickness of the MgO
barrier dopt = 1.0 nm was used. Green line shows curve that
represents dependence of output dc voltage at deflection point
for different frequencies.
effect from the detector based on a bi-anisotropic NiO/Pt
structure16. Also in contrast to the detector based on bi-
anisotropic NiO/Pt spin Hall oscillator16, the ATJ in this
system does not require any special conditions for the
AFM layer, therefore the experimental realization seems
to be relatively straightforward.
With these new dimensions, the device parameters will
be Copt = 7.81 fF, and Lopt = 1.26 fH. It is notewor-
thy that for both the optimized parameters and the ATJ
FIG. 4. Frequency dependence of the output dc voltage Udc
(blue line) and the Johnson-Nyquist thermal noise floor
rms voltage (red line) calculated from (11) using typical
ATJ parameters stated in Section VB, and parameters
d = dopt = 1.0 nm and a = 300 nm at the temperature
T = 293 K under input power of 1 µW.
presented in Ref14, that ξ ≪ 1 for signal frequencies
fs ≤ 2 THz. This means that the nonlinear coefficient
(1−ξ)/√q in equations (10) through (13) can be approx-
imated by (1 − ξ)/√q ≈ 1/
√
1 + β2 ≈ 1/
√
1 + ω2sR
2
0C
2.
This behavior is clearly visible in Fig. 4.
Before concluding this section, we want to note that
according to Eqs. (11) and (15), the output dc voltage
of the detector Udc ∼ ∆R ∼ η/(2 + η) increases with the
increase of the TAMR ratio η. Although in this paper
we consider the TAMR ratio η as a fixed parameter that
is defined experimentally, in practice η can be tuned in
several ways, for example by adding a bias dc current
through the junction, adding a bias dc magnetic field,
or by changing the operating temperature of the ATJ.
However, the influence of the temperature on η and Udc
in an ATJ-based detector could be substantially nonlin-
ear, similar to the behavior of conventional ferromagnetic
tunnel junctions36,37.
It is notable that with this analysis, an ATJ operat-
ing at a single frequency functions as a THz detector17.
For such a detector it is reasonable to assume ρ = 0 and
f0 = fs, however, in a detection application, generally
the phase is unknown and thus one must use the detector
with φ 6= 0. To prevent full attenuation of Ulpf in cases
where θ(fs, t) + φ ≈ pi2 , as calculated in Eq. (2c), signal
averaging could be used to remove the phase dependance.
The general principles of operation ATJ based TF de-
tector is similar to conventional spintronic detectors33–35
based on ferromagnetic materials. However, there is one
important difference: an ATJ-based detector can detect
signals with substantially larger frequencies (fs ∼ 0.1−10
THz) than ferromagnetic detectors.
8FIG. 5. Simulation of spectrum analysis by an ATJ. (a)
Input spectrum, shown by black lines, with a signal at every
10 GHz between 0.55 THz and 0.75 THz. Blue dashed line
shows envelope of input spectrum. (b) Output spectrum for
a scan from 0.5 to 0.75 THz, with a scan time of 25 ns. The
scan rate was 250 GHz/25 ns ≈ 10 GHz/ns. Black curve
shows Uspec, including parasitic impedance. Thin blue line
represents (4). Red dashed line shows the envelope of Ulpf
without parasitic impedance.
Thus concluding this section, we have shown that with
the optimization of the thickness d and area S of the MgO
layer, an ATJ can be designed to match an external signal
and thus produce a strong dc voltage. Specifically, there
is an optimal d to improve ATJ sensitivity, and decreas-
ing S also improves sensitivity. We have also shown that
the nonlinear coefficient (1−ξ)/√q causes the sensitivity
to decrease with increasing frequency.
B. THz Spectrum Analysis with an ATJ
Thus far in this article, several things have been estab-
lished. First, it was demonstrated that an ATJ can pro-
duce a tunneling anisotropic magnetoresistanceR(t) that
oscillates with a frequency that can be dynamically tuned
over a wide frequency bandwidth in the THz gap. Then a
circuit model was presented that describes how the ATJ
voltage output Ulpf depends on spurious capacitance C
and inductance L. After this, the physical dimensions of
the ATJ were optimized to improve the output voltage.
With these tasks complete, we now have the ingredients
required to simulate spectrum analysis.
Spectrum analysis will be simulated in the bandwidth
from 0.5 THz to 0.75 THz. This bandwidth, ∆f =
250 GHz, will be scanned at a rate of ρ = 10 GHz/ns. At
this rate, the entire bandwidth can be scanned in 25 ns.
The ATJ as simulated will have parameters identical to
the simulation used to produce Fig. 2, and the phys-
ical dimensions used to produce Fig. 4. Additionally,
the low pass filter was simulated with a cutoff frequency
fc = 25 GHz. This fc was chosen so that the signal could,
in principle, be digitized with a commercially available
analog to digital converter.
To demonstrate the viability of the system, the analysis
of a somewhat complicated spectrum will be simulated.
The input current IR(t) has a spectrum as shown in Fig.
5(a), with signals every 10 GHz from 0.55 THz to 0.70
THz, each with a power of 1 µW. The envelope of input
spectrum is given by the blue dashed line. We have as-
sumed that these signals were generated with a high-Q
AFM generator, and have a very low linewidth20. After
following the algorithm presented in section III, an out-
put spectrum was produced via simulation as shown in
Fig. 5(b).
At this power level, for frequencies > 0.4 THz, the
Johnson-Nyquist thermal noise floor rms voltage Ujn is
larger than the ATJ output voltage Ulpf . Specifically,
with the simulation parameters, Ujn =
√
4kBTR0fc =
0.29 mV, where kB is the Boltzmann constant and the
temperature is T = 293 K. A red curve in Fig. 4 shows
Ujn in comparison to Udc. Despite the fact the thermal
noise is larger than the input signal, the matched filter
can produce an effective output. This improvement of the
SNR is a result of the matched filter, which can make the
effective minimum detectable signal (MDS) is 3 dB below
Ujn.
The black curve in Fig. 5b shows the output spec-
trum Uspec, including the effects of parasitic impedance.
It is evident that the output curve has a spike that cor-
responds with every input frequency. While in general
the amplitude of the spikes is linear with IR∆R, the am-
plitude of the Uspec has an offset that depends on both
frequency and phase mismatch. Uspec follows the thin
blue line, which decreases with frequency according to
1/
√
1 + ω2sR
2
oC
2 as in Fig. (4), as expected. There is
also a minor phase dependent variation in the amplitude
of the output spectrum, as was discussed in24. The red
dashed curve shows the envelope of Uspec, while ignoring
the effects of parasitic impedance. This amplitude varia-
tion is expected, and can be removed by signal averaging
or other means. The relative error of these amplitude
variations is about 2%. The bottom portion of the black
curve shows interference that is the result of incoherent
mixing from the matched filter. The amplitude of this
curve scales with signal power, and can limit dynamic
range. We wish to note that both types of amplitude
variations can be easily normalized, as the signal pro-
cessing occurs at low frequency according to (2c) and
9thus can occur in the digital domain.
Concerning frequency sensitivity, by using this algo-
rithm, this simulated system was able to determine the
frequency of the input spectrum with high precision and
high accuracy. Specifically, the peak of each spike in Fig.
5(b) is within 5 MHz of the input frequency, with a rel-
ative error of < 10−4%.
The lower end of the dynamic range is > 3 dB below
the Johnson-Nyquist thermal noise floor rms voltage Ujn,
as mentioned above. The upper end of the dynamic range
for the simulated parameters is determined by the break-
down voltage Ub as described at the end of section VB.
With the dielectric MgO layer as simulated, Ub ≈ 0.5 V.
With this value, the total dynamic range for the ATJ is
≈ 104. The dynamic range can be improved in several
ways. One method is to employ a smaller cutoff frequency
fc, which will impact RBW. Alternatively, the thickness
d of the dielectric layer can be adjusted to affect the de-
sired change in dynamic range. Care must be taken to
ensure that Ulpf remains larger than the MDS for the
entirety of the scanning bandwidth ∆f . The dynamic
range is independent of the scan rate ρ.
The RBW of the simulated spectrum analysis matches
well with the theoretical RBW in (3). Specifically, the
average full width half maximum of the individual spikes
in Fig. 5b was ≈ 200 MHz, which is near the theoretical
limit for RBW from (3).
For the simulated parameters, the maximum ramp rate
is ρmax ≈ 0.1 THz/ps, several orders of magnitude faster
than simulated here. The RBW is of course dependent
on ρ according to (3), and the frequency sensitivity is
relatively unchanged with increasing ramp rate, while for
phase dependent variation in the peak amplitude, the
relative error increases with increasing RBW.
We also wish to note that this algorithm does not re-
quires that the auto-oscillator frequency, fR(t), be a per-
fect linear function of time as in equation (1). For a sys-
tem with a scan rate so fast that the ATJ has strongly
non-linear frequency behavior, a different matching fil-
ter may be required. Nonetheless, the matching filter
h(fm, t) presented above, in practice, can perform ro-
bustly enough to allow for normal levels of noise and
intrinsic non-linear frequency dependance on Idrive.
VII. CONCLUSION
In conclusion, we have presented theory that a
Pt/AFM/MgO/Pt ATJ can generate an oscillating
TAMR with THz frequency. It was demonstrated with
simulation that these THz frequency TAMR oscillations
can be dynamically tuned to increase linearly with time
at rates as fast as 0.1 THz/ps. A circuit model was
presented that allowed the optimization of the ATJ out-
put voltage by adjusting the thickness and area of the
MgO layer, thus allowing impedance matching between
an ATJ and an external THz signal to be improved. We
then presented a basic THz signal detector, and a THz
spectrum analyzer. The spectrum analyzer, as simulated
with optimized parameters, scanned between 0.5 THz
and 0.75 THz in 25 ns, with a dynamic range of 104,
a resolution bandwidth near the theoretical limit, and
determined the frequency of an external signal with a
relative error less than 10−4%.
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